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In models with one universal extra dimension (UED), the first Kaluza-Klein excitations of the
hypercharge gauge boson, B(1), and the neutral component of isospin gauge boson, W 3(1), are each
viable dark matter candidates. In either case, such particles are predicted to accumulate in the
core of the Sun, where they annihilate to generate a potentially observable flux of high energy
neutrinos. In this article, we calculate the flux of neutrinos produced in this model and determine
the constraints that can be placed on the UED parameter space from current IceCube data. For the
case of B(1) dark matter, we find that the present limits from IceCube are stronger than those from
direct dark matter detection experiments such as CDMS and XENON10. For W 3(1) dark matter,
the present IceCube data provides a constraint slightly weaker than direct detection experiments.
In addition, we also present the projected regions of UED parameter space that can be probed by
IceCube/DeepCore in the near future and compare them to the prospects for future direct detection
experiments.
PACS numbers: 11.10.Kk,95.35.+d,95.30.Cq
INTRODUCTION
In models with one universal extra dimension
(UED) [1], all of the Standard Model particles are pro-
moted to 5 dimensional fields, propagating in a flat extra
dimension (for earlier ideas closely related to UED mod-
els see Ref. [2]). In order to allow for the existence of
chiral zero-mode fermions, the extra dimension is mod-
ded out by the orbifold, S1/Z2. Due to the Z2 symme-
try, the interactions between Kaluza-Klein (KK) modes
respect what is known as KK-parity, which implies that
Kaluza-Klein particles can only be produced or destroyed
in pairs. Among other consequences, this leads to a lower
bound on the KK mass scale of only MKK >∼ 300GeV
[3]. Furthermore, KK-parity guarantees the stability of
the lightest Kaluza-Klein particle (LKP), thus providing
us with a potentially viable dark matter candidate. For
a review of the UED model and its phenomenology, see
Ref. [4].
Despite its minimal field content, the UED model con-
tains a large number of undetermined parameters. In
addition to the Higgs mass, mh, and the compactifica-
tion radius, R, the geometry also allows for operators of
the 5D fields at the orbifold fixed points whose magni-
tudes are independent of the bulk parameters (conserva-
tion of KK-parity forces the boundary localized operators
to be included symmetrically on both fixed points, how-
ever). In the absence of such boundary localized terms,
one expects the first KK excitation of the hypercharge
gauge boson, B(1), to be the LKP [5]. The inclusion
of such terms, however, can affect the KK mass spec-
trum [6], and allow for other states to potentially serve
as the LKP. As shown in Ref. [7], the first KK excitation
of the neutral SU(2) gauge boson, W 3(1), can be the
LKP if small but non-vanishing boundary kinetic terms
in the electroweak sector are considered. Other identities
for the LKP are more difficult to realize. The first KK
excitation of the Higgs boson, h(1), could be the LKP,
but would require large boundary localized terms and
is strongly constrained for low h(1) masses [7]. No ex-
perimentally viable realizations are known in which the
LKP takes the form of a KK-pseudoscalar Higgs or KK-
neutrino [7, 8].
The hypothesis that dark matter takes the form of
stable, weakly interacting massive particles (WIMPs),
is gradually being tested by direct and indirect detec-
tion experiments. At present, the strongest direct detec-
tion constraints on the spin-independent scattering cross
section of WIMPs off nuclei have been placed by the
CDMS [9] and XENON [10] collaborations (the DAMA
collaboration has also reported an annual modulation
of their rate which they interpret as a positive detec-
tion of dark matter [11]). In addition, WIMPs can pro-
duce potentially observable particles in their annihila-
tions. WIMPs which scatter with nuclei in the Sun can
be captured and accumulate in the center of Sun, where
they ultimately annihilate to produce high energy neu-
trinos that can be observed with large volume neutrino
telescopes, such as IceCube [12]. Assuming that the time
scale for the annihilation and capture rates to equilibrate
in the Sun is smaller than the age of the Solar System, the
present annihilation rate of WIMPs will be determined
only by the capture rate of WIMPs which, in turn, can be
determined by the WIMP-nucleon scattering cross sec-
2tion [13]. Therefore both direct detection experiments
and neutrino telescopes are sensitive to similar elastic
scattering processes.
In this article, we study the impact of these indirect
and direct detection constraints on the UED parame-
ter space for LKPs in the form of a B(1) or W 3(1).
The phenomenology of a B(1) LKP has been studied
extensively [5, 14, 15], including the prospects for di-
rect [8, 14, 16] and indirect detection [14, 17, 18]. The
analysis for detecting B(1) dark matter via high energy
neutrinos from WIMP annihilation in the Sun was first
performed in Ref. [18], which we closely follow in this ar-
ticle. The thermal relic abundance of a W 3(1) LKP, and
the related constraints from direct detection experiments,
have been calculated in Ref. [16] which, to the best of our
knowledge, is the only study to consider this dark mat-
ter candidate (for discussion of dark matter phenomenol-
ogy in models with two universal extra dimensions, see
Ref. [19]).
In this article, we apply the analysis of Ref. [18] to
the cases of B(1) and W 3(1) dark matter. In each case,
the LKPs scatter off nucleons through the t-channel ex-
change of KK-fermions. The experimental limits from
direct detection experiments and IceCube lead to strong
constraints on the mDM − rq plane, where mDM is the
LKP mass and rq is the fractional splitting between
the LKP mass and that of the KK-quarks. The con-
straints that derive from CDMS and XENON lead to
limits on the WIMP-nucleon spin-independent cross sec-
tions, while those from IceCube primarily lead to bounds
on the WIMP-nucleon spin-dependent cross sections.
ELASTIC SCATTERING OF B(1) AND W 3(1)
DARK MATTER
Following Ref. [13], the spin-independent dark matter-
nuclei elastic scattering cross section is given by
σSI =
m2T
4pi(mDM +mT )2
[Zfp + (A− Z)fn]
2
, (1)
where mDM is the WIMP mass, mT is the mass of the
target nucleus, Z is the number of protons in the nucleus,
and A is the number of nucleons in the nucleus. The
WIMP-nucleon couplings, fp,n, can be written in terms
of the couplings to individual quarks:
fp,n =
∑
q=u,d,s
βq
mq
mp,nf
p,n
Tq
, (2)
where mp,n are the respective neutron and proton mass,
and the nucleon matrix elements are fpTu = 0.020±0.004,
fpTd = 0.026± 0.005, f
n
Tu
= 0.014± 0.003, fnTd = 0.036±
0.008 and fp,nTs = 0.118± 0.062 [20]. Following Ref. [16],
we have conservatively neglected the couplings to gluons
through heavy quark loops. The quark-level couplings
for a B(1) LKP are given (in the limit of small mixing
between left- and right-handed KK-fermions and small
splittings between the KK-fermions mass and the LKP
mass) by [8]
βq ≈
e2mq
2m2
B(1)
cos2 θW
(
Y 2qL
r2qL
+
Y 2qR
r2qR
)
(3)
or, for a W 3(1) LKP, by
βq ≈
e2mq
8m2
W 3(1)
sin2 θW
(
1
r2qL
)
(4)
where
rqL,R ≡
m
q
(1)
L,R
−mDM
mDM
, (5)
e is the electric charge, θW is the Weinberg angle, YqL,R
are the appropriate hypercharges, and m
q
(1)
L,R
are the left-
and right-handed KK-quark masses. From this, it is evi-
dent that the scattering cross section is greatly enhanced
in the case of small mass splittings.
Although direct detection experiments are currently
most sensitive to spin-independent scattering, spin-
dependent scattering can in many cases dominate the
capture rate of WIMPs in the Sun. Within the context
of UED, in particular, spin-dependent scattering typi-
cally dominate this process. This is, in particular, true
for the dark matter candidates considered in this article.
The spin dependent scattering off protons (ie. hydrogen
nuclei) arises from the t-channel exchange of KK-quarks
and is given by [14, 16]
σHSD,B(1) =
g41m
2
p
648pim4
B(1)
r2qR
(4∆pu +∆
p
d +∆
p
s)
2
≈ 1.7× 10−6pb
(
1TeV
mB(1)
)4(
0.1
rqR
)2
, (6)
σHSD,W 3(1) =
g42m
2
p
128pim4
W 3(1)
r2qL
(∆pu +∆
p
d +∆
p
s)
2
≈ 0.36× 10−6pb
(
1TeV
mW 3(1)
)4(
0.1
rqL
)2
, (7)
where ∆pu = 0.78 ± 0.02, ∆
p
d = −0.48 ± 0.02, and
∆ps = −0.15±0.07 quantify the spin-content of the quarks
within the proton [21]. As only left-handed quarks cou-
ple to W 3(1), σH
SD,W 3(1)
depends only on rqL . For B
(1),
both q
(1)
L and q
(1)
R contribute, but the cross section is
dominated by q
(1)
R due to the larger U(1)Y charges of
right-handed fermions. Therefore in Eq. (7) we neglect
the q
(1)
L contributions. In addition we would also like to
emphasize that for σH
SD,W 3(1)
the spin-content is given
by (∆pu + ∆
p
d + ∆
p
s)
2 = .023, where as for σH
SD,B(1)
it is
of O(1). Thus despite the fact that the g2 appearing in
σH
SD,W 3(1)
is about twice as large as the g1 in σ
H
SD,B(1)
,
σH
SD,W 3(1)
is suppressed relative to σH
SD,B(1)
.
3CAPTURE AND ANNIHILATION IN THE SUN
Using the scattering cross sections described in the pre-
vious section, we can estimate the rate at which LKPs
will be captured in the Sun. Assuming a local dark mat-
ter density of 0.3 GeV/cm3, the rate of WIMPs captured
in the Sun is given by [22]
C⊙ ≈ (3.35×10
18 s−1)
(
270 km/s
v¯
)3(
σEff
10−6 pb
)(
1TeV
mDM
)2
(8)
where v¯ is the local RMS velocity of the dark matter
halo distribution and σEff is the effective elastic scatter-
ing cross section, given by
σEff ≈ σ
H
SD +
∑
i
FiAiKi(mDM)σ
i
SI
≈ σHSD + σ
H
SI + 0.175σ
He
SI + ... (9)
In this expression, Fi, Ai and Ki(mDM ) denote the
relative degree of form factor suppression, solar abun-
dances, and kinematic suppression for the various species
of nuclei. These factors are evaluated for the case
of hydrogen and helium nuclei in the lower expres-
sion. Spin-independent scattering with oxygen nuclei
can also be important and may even dominate over spin-
independent scattering with other nuclei for sufficiently
heavy WIMPs. Any spin-independent scattering cross
section that is not already excluded by direct detec-
tion experiments, however, will generate an unobservably
small flux of high energy neutrinos [23]. Therefore, we
focus throughout the remainder of this article on WIMP
capture in the Sun through spin-dependent scattering,
which is far less stringently constrained.
For the range of masses, elastic scattering cross sec-
tions, and annihilation cross sections we consider in this
paper, we have explicitly checked that the processes of
dark matter capture and annihilation in the Sun reach
equilibrium [22]. In all cases shown, the rate of WIMPs
annihilating in the Sun is very close to the rate of WIMPs
captured. This is in contrast to WIMP capture and an-
nihilation in the Earth, which does not reach equlibrium
in the amount of time available [25].
To calculate the flux of neutrinos from the Sun, we
need to know the fraction of LKP annihilations which
proceed to various Standard Model states. In Table I,
we show the annihilation ratios for B(1) andW 3(1) LKPs
annihilations. For the B(1), annihilations occur largely
through the exchange of KK-quarks and leptons, and the
fraction to each final state is determined by the U(1)Y
charges of the exchanged and final state particles. In
contrast, the W 3(1) dominantly annihilates to W+W−
via the t-channel exchange of a KK-W±.
These ratios determine the injection spectrum of high
energy neutrinos in the Sun. Using this injection spec-
trum we calculate the νµ energy spectrum at the Earth
W+W− ν¯ν τ+τ− t¯t b¯b c¯c q¯q
B(1) 0 0.04 0.20 0.11 0.01 0.11 0.12
W 3(1) 0.65 0.04 0.01 0.04 0.04 0.04 0.13
TABLE I: The approximate fraction of B(1) andW 3(1) annihi-
lations which proceed to various Standard Model final states.
The ν¯ν channel is summed over all neutrino species. The q¯q
channel is summed over u, d, and s quarks.
FIG. 1: The spectrum of high energy neutrinos from B(1)
(top) orW 3(1) (bottom) dark matter annihilations in the Sun.
In each frame, we also show the contributions to the neutrino
spectrum from various annihilation channels. In the case of
B(1) dark matter, the neutrino flux is dominated by annihila-
tions to taus and neutrinos, whereas for W 3(1) dark matter,
annihilations to W+W− produce the most neutrinos. In each
case we have used rqL,R = 0.14 and mDM = 600GeV.
using the tabulated results of Ref. [24]. In Fig. 1 we
present the flux of high energy neutrinos, dΦ/dEν , due
to annihilation of B(1) or W 3(1) LKPs in the Sun for
mDM = 600 GeV. Neutrinos coming from τ ’s dominate
the neutrino spectrum for the B(1) case, while for W 3(1)
dark matter the dominant contribution is from W+W−.
The neutrino spectrum from both of these dark matter
4candidates is generally hard, enabling us to use the more
stringent IceCube limits, as opposed to the less strin-
gent limits for annihilations to bb¯ [12]. In the case of
B(1) annihilations, the spectrum is actually harder than
those considered in the IceCube analysis, making the re-
sults presented here conservative. As electroweak preci-
sion constraints require the compactification scale to be
greater than ≈ 300 GeV, we do not consider the con-
straints from Super Kamiokande which apply mostly to
the case of low mass WIMPs.
CURRENT LIMITS FROM AND FUTURE
PROSPECTS FOR ICECUBE
To calculate the rate of neutrino induced muon tracks
fromWIMP annihilations in a large volume neutrino tele-
scope such as IceCube, we use the following expression:
R =
∫
dEνdyAeffNA
[
dσνN
dy
dΦ
dEν
+ (ν → ν¯)
]
[Rµ(Eµ) +D],
(10)
where Aeff is the effective area of the detector, dσνN/dy
is the differential neutrino-nucleon charged current cross
section, 1 − y is the fraction of the neutrinos’s energy
that is transferred to the muon in the interaction, D is
the depth of the detector (∼ 1 km for horizontal muons
in IceCube), and R(Eµ) is the muon range which is ap-
proximately given by [26]
Rµ(Eµ) =
1
ρβ
log
(
α+ βEµ
α+ βEthresh
)
. (11)
Here, ρ is the density of ice, α ≈ 2.0 MeV cm2 g−1,
β ≈ 2.0 MeV cm2 g−1 and we take the threshold energy
to be Ethresh = 50 GeV, although lower values will likely
be attained with the future inclusion of the DeepCore
array within the larger IceCube volume [27]. The charged
current neutrino and antineutrino-nucleon cross sections
are given by [28]
dσνN
dEµ
=
2
pi
mNG
2
F
(
aNν + bNν
E2µ
E2ν
)
, (12)
where apν = 0.15, bpν = 0.04, anν = 0.25, bnν = 0.06,
and the corresponding expressions for anti-neutrinos can
be found by apν¯ = bnν , bpν¯ = anν , anν¯ = bpν , bnν¯ = apν .
In Fig. 2 we show the event rate per square kilometer
of effective area as function of LKP mass for both the
B(1) and W 3(1) LKPs, and for different fractional mass
splittings, rq. As expected smaller splittings and lower
LKP masses lead to larger event rates at IceCube.
We next turn our attention to placing constraints on
the UED parameter space from the existing IceCube data
(from 2007, when IceCube consisted of 22 strings of de-
tectors). IceCube’s current limits on WIMP annihila-
tions can be found in Ref. [12]. Rather than being given
FIG. 2: The rate of neutrino-induced muons per effective area,
in a kilometer-scale neutrino telescope such as IceCube, from
B(1) (top) or W 3(1) (bottom) dark matter annihilations in
the Sun. The six contours shown in each frame correspond
to mass splittings between the LKP and the KK-quarks of
rqL,R =0.01, 0.02, 0.05, 0.1, 0.2 and 0.3, from top-to-bottom.
in terms of event rates, the limits are given in terms of
the dark matter annihilation rate, or the WIMP’s elas-
tic scattering cross section with nuclei (for two choices of
the annihilation channel). In Fig. 3, we translate these
bounds into constraints on the UED parameter space.
The black solid lines denote the current IceCube con-
straint on the UED parameter space for the case of a B(1)
(top) or W 3(1) (bottom) LKP. These are compared to
the current constraints from the CDMS and XENON10
collaborations, as calculated in Ref. [16]. From the top
frame of Fig. 3, we conclude that the current constraints
from IceCube are considerably more stringent than those
from direct detection experiments for the case of a B(1)
LKP. IceCube’s constraint in the case of a W 3(1) LKP is
somewhat less stringent than those obtained from CDMS
or XENON10.
To estimate the ultimate reach of IceCube (consisting
of a full 80 strings of detectors, and occupying approx-
imately a cubic kilometer of instrumented volume), we
5have calculated the rate of neutrino-induced muon events
from LKP annihilations in the Sun, and compared this to
the corresponding rate from atmospheric neutrinos. For
this calculation, we have adopted the energy dependent
effective area for IceCube as described in Ref. [29], and
the spectrum of atmospheric neutrinos given in Ref. [30].
Within a 3o window around the direction of the Sun,
we estimate that a (completed) IceCube will observe
40 events per year arising from atmospheric neutrinos.
This background implies that after three years, IceCube
should be able to place an upper limit on the event rate
from dark matter annihilations in the Sun of approxi-
mately 6−7 events per year at the 95% confidence level.
Note that these rates are not per square kilometer of ef-
fective area, as are those shown in Fig. 2, but instead
represent the actual rates estimated in IceCube. For a
1 TeV (100 GeV) muon, the effective area of IceCube is
approximately 0.75 km2 (0.6 km2). Below ∼100 GeV,
the effective area of IceCube drops rapidly.
In Fig. 3, along side the current constraints from
IceCube, CDMS and XENON10, we show as dashed
lines the projected constraint on the mDM − rq param-
eter space plane from the IceCube experiment. For
comparison, we also show the projected constraints
from the direct detection experiments Super-CDMS and
XENON100. From this figure, we see that for a B(1)
LKP, IceCube will likely provide the most stringent con-
straint, where as in the case of a W 3(1) LKP, IceCube’s
constraint will be comparable to or slightly weaker than
those from Super-CDMS and XENON100.
SUMMARY AND CONCLUSIONS
In this article, we have studied the constraints from
the high energy neutrino telescope IceCube on Kaluza-
Klein dark matter within the context of models with
one universal extra dimension. We have considered two
Kaluza-Klein dark matter candidates, the first Kaluza-
Klein excitations of the hypercharge and isospin gauge
bosons, B(1) and W 3(1), and calculated the constraints
on the UED parameter space from current IceCube data.
We have also estimated the future reach of IceCube to
such dark matter candidates. We find that in the case of
B(1) dark matter, IceCube currently provides the most
stringent constraint on the dark matter mass and its
mass splittings with Kaluza-Klein quarks. In the case
of W 3(1) dark matter, direct detection constraints are
slightly stronger than those from neutrino telescopes.
IceCube is more sensitive to B(1) annihilations in the
Sun than to dark matter most other forms because of its
large spin-dependent elastic scattering cross section with
nuclei, and its propensity to annihilate to tau leptons or
neutrinos.
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